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IhppRDDUCTION 

Asphaltene i s  defined as t h e  high m l e c u l a r  weight pentane-insoluble f rac t ion  
of petroleum. I n  general, of a l l  the petroleum f r a c t i o n s ,  asphaltene contains the 
g r e a t e s t  percentage of su l fur ,  oxygen and nitrogen. The s t r u c t u r e  and -sition of 
asphaltene may vary considerably with the or ig in  and mode of formation of the source 
reservoir .  

Very few comparisons of asphaltene proper t ies  a r e  ava i lab le  i n  the  l i t e r a t u r e  
(1-4). Recently, a de ta i led  inves t iga t ion  of the  proper t ies  of A t h a b a s c a  asphaltene 

was carried o u t  (5).  Chemical and spectroscopic evidence led t o  the proposal of an 
average s t ruc ture  i n  which r e l a t i v e l y  small hydrocarbon units are linked together  by 
sulfur bridges. Since, i n  addi t ion to  the  Athabasca deposi t ,  there a r e  o ther  import- 
a n t  o i l  sands and heavy o i l s  i n  Alberta which a l s o  have high asphaltene contents, it 
was therefore  of i n t e r e s t  t o  study these  asphaltenes and to compare t h e i r  p roper t ies  
vith those of Athabasca asphaltene. 

and Lloydminster crude o i l .  
asphaltenes from Pembina l i g h t  crude o i l  and a tar produced by steam cracking of gas o i l .  

The asphal tene souzces invest igated were t h e  Cold Lake and Peace River o i l  sands, 
These asphal tenes  have been fur ther  compared with the 

EXPERIMENTAL 

The samples used were: (1) Cold Lake crude o i l  obtained by cold ba i l ing  from 
w e l l  Leming 6 7  p r i o r  t o  steam st imulat ion;  (2)  a Peace River core  obtained from Well 
OBS-5, locat ion 4-21-85-18 W5 (Cadotte), depth 1868-1872 f t . ;  (3) Lloydminster base 
crude oil ,  sample 5431; (4) Pembina vacuum reduced p i t c h  received January 9, 1976 from 
Imperial O i l  Enterpr ises  ~ t d . ,  Strathcona; (5) a tar produced by s t e a m  cracking gas 
oil, sample PS-76-020. 

tene. 
asphaltene i n  benzene was centr i fuged a t  4000 rpm f o r  several  hours, and decanted, and 
t h e  asphaltene was then reprec ip i ta ted  with pentane. 

The experimental conditions for  the reductive oc ty la t ion  and s i l y l a t i o n  a re  giv- 
en i n  d e t a i l  i n  a previous paper ( 5 ) .  

The molecular weights were determined by vapor pressure osmometric method a t  a 
nominal asphaltene concentration of 20 mg/ml i n  benzene. Infrared spectra  were det- 
ermined a t  0.004 M concentration i n  carbon te t rachlor ide  so lu t ion  i n  a 5 mm c e l l .  

numerically using a subroutine provided by Bruker Sc ien t i f ic .  

The asphal tenes  were prepared as described previously (5) f o r  Athabasca asphal- 
When t h e  sample was found t o  contain la rge  amounts of c lay,  a 5% solu t ion  of the 

The 13C NXR spectra ,  recorded as described previously (5). can be integrated 

RESULTS AND DISCUSSION 

Elemental analyses and average molecular weights f o r  the  asphaltene samples used 
i n  this study a r e  shown i n  Table I. The analyses of the Cold Lake, Peace River and 
Lloydminster asphal tenes  show l i t t l e  to  d is t inguish  them from Athabasca asphaltene, 
the  main d i f fe rence  being a t rend  toward higher molecular weights and a higher s u l f u r  
content  i n  the  Peace River sample. The asphaltene from t h e  l i g h t  Pembina o i l  i s  d i f -  
fe ren t  however. I t  represents  only a minute percentage of the  o i l ,  as expected from 
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the V i S C O S i t Y t  and is very low i n  su l fu r  content. The average molecular weight is low- 
er than that Of Athabasca asphaltene,  and de f in i t e ly  lower than the  average molecular 
weight of the  high su l fu r  asphaltenes. I t  is c l ea r  tha t  any conclusion about t he  struc- 
t u re  of Athabasca asphaltene should not be extended to  the  t r a c e  amount of asphaltene 
in l i g h t  o i l s .  

The Pembina asphaltene has proper t ies ,  e.g. m.w. and heteroatom content, in te r -  
mediate between those of t he  heavy o i l  asphaltenes and steam cracking tar asphaltene. 
This very viscou re f inery  t a r  contains a la rge  a u n t  of asphaltene,  which is even 
lower i n  heteroatoms than the  asphaltenes from the  l i g h t  o i l s ,  and has a low molecular 
weight and :-w H/C r a t io .  

The rout ine  ( 2 %  so lu t ion  i n  a 0.5 mm ce l l )  I R  spec t ra  of t h e  asphaltenes studied 
appeared t o  be qu i t e  s imi la r .  Some d i f fe rences ,  however, i n  t he  hydrogen s t re tch ing  
region a t  3600-3000 cm-l become apparent from 0.004 M so lu t ions  of asphaltenes measured 
i n  a 5 mm c e l l  (Figure I). The IR spectrum of Cold Lake asphaltene w a s  not su i t ab le  
for in t e rp re t a t ion  because of extremely high background in te r fe rence .  
c ip i t a t ed  from Peace River bitumen.shows a broad hydrogen bonding absorption with a 
maximum centered about 3250 cm-l; i t s  shape and in t ens i ty  approximates that of Athabas- 
ca aSPhaltene (6). The free phenolic and/or a lcohol ic  absorptions a t  3600 cm-' and the  
f r e e  NH absorption a t  3480 c m - l  a r e  observable i n  the  spectrum of Lloydminster asphal- 
t a e ,  and the  hydrogen bonded absorption i s  c l e a r l y  reduced as compared t o  Athabasca 
and Peace River asphaltenes. I n  Pembina asphaltene t h e  r e l a t i v e  in t ens i ty  of the  f r e e  
OH absorption i s  very weak and no hydrogen bonding is v i s ib l e .  

seems to be a cha rac t e r i s t i c  f ea tu re  of asphaltene or ig ina t ing  from Alberta o i l  sands. 
The d i f fe rence  i n  the r o l e  which hydrogen bonding plays i n  the  molecular aggregation 
of Athabasca, Cold Lake, Peace River asphaltenes and those from Lloydminster and Pem- 
bina crudes i s  c l ea r ly  demonstrated by t h e  s i l y l a t i o n  reaction. On s i ly l a t ion ,  hydroxyl 
groups a r e  genera l ly  e a s i l y  converted to  t r ime thy l s i ly l  der iva t ives .  
panied by t h e  disappearance of I R  absorption i n  the  hydrogen s t r e t ch ing  region 
and t he  appearance of t h e  absorption of t r ime thy l s i ly l  ethers.  The I R  spectra of 
s i l y l a t e d  Athabasca, Peace River and Lloydminster asphaltenes a l l  show a remarkable re- 
duction i n  the  hydrogen bonding absorption and the  f r e e  OH absorption disappears i n  the  
latter. A s  seen from da ta  given i n  Table 11, the  m l e c u l a r  weights of s i l y l a t ed  Atha- 
basca, Cold Lake and Peace River asphaltenes have been d r a s t i c a l l y  reduced, roughly by 
ha l f ,  pointing t o  the intermolecular charac te r  of t he  hydrogen bonding. 
in t h e  molecular weight of Lloydmi'nster asphaltene is l e s s  s ign i f i can t  and none OCcurS 
f o r  Pembina asphaltene, as expected from t h e i r  I R  spectra.  

tenes studied (Tables I and 11). and t h e  number of s i l y l  groups attached t o  asphaltenes, 
ca lcu la ted  from e i the r  in tegra t ion  of the  PMR spectrum or changes i n  the  H/C r a t i o s  
and ash contents,  ind ica tes  t h a t  from 60 t o  64% of the  oxygen i n  Athabasca, Cold Lake 
and Peace River asphaltenes, 71% i n  Lloydminster and 23% i n  Pembina asphaltenes is 
access ib le  f o r  s i l y l a t ion .  Some of t h i s  "s i ly la ted"  oxygen may o r ig ina t e  from oxygen 
functional groups o ther  than hydroxyl ( 7 ) .  The disappearance on s i l y l a t i o n  of the  
small bu t  d i s t i n c t  carbonyl absorption a t  1725 cm- l ,  which is present  i n  a l l  except 
Athabasca asphaltenes may suggest the  existence of readi ly  enolized ketones, fo r  ewm- 
p le  . 
concluded from the  I R  absorption a t  3480 c m - l  previously (8) assigned t o  f r ee  NH groups. 
The changes i n  t h i s  region before and a f t e r  s i l y l a t i o n  ind ica t e  t h a t  the NH groups 
play an important r o l e  i n  hydrogen bonding i n  Athabasca, Cold Lake and Peace River as- 
phaltenes,  and almost none i n  Lloydminster and Pembina asphaltene; i n  general they a r e  
not ea s i ly  s i l y l a t ed .  

The l H  and 13C NMR spec t ra  of  t he  heavy o i l  asphaltenes are qua l i t a t ive ly  SiiTIi- 
lar t o  those of the Athabasca asphaltene (5). The quan t i t a t ive  proportions of aroma- 
t i c  hydrogen and carbon a r e  shown i n  Table 111. The NMR spec t ra  of the  re f inery  t a r  
show t h a t  it contains 47% aromatic hydrogen and 87% aromatic carbon which emphasizes 
i ts  difference from Athabasca asphaltene. 
appl ica t ion  of the  s t ruc tu ra l  ana lys i s  method we reported previously (5) .  
r a t i o  of 0.71 means t h a t  there are 65 double bond equivalents (DBE)/100 C. Using the  
value of 0.72 fo r  DBE/aromatic carbon which w a s  assumed for Athabasca asphaltene (51, 

Asphaltene pre- 

Thus, the almost complete assoc ia t ion  of t he  OH and l i k e l y  NH functional groups 

This is accom- 

The decrease 

There is  not much va r i a t ion  i n  t h e  oxygen contents (average of 2 % )  of the  asphal- 

That most of the  nitrogen i n  asphaltenes is  present i n  t h e  form of NH qOUps i S  

These values make it of i n t e r e s t  for the  
The H/C 
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and t he  87% aromatic carbon from 13C NMR, gives 87 x 0.72 '= 62.6 DBE/100 C due t o  aromatic 
carbon atoms. T h i s  is su f f i c i en t ly  close t o  the  65 t o t a l  DBE/100 C that the  DBE due to  
a l i c y c l i c  carbon atoms can be assumed to be zero. To some exten t  this is expected from 
the  method of preparation of the  steam cracking asphaltene,  and lends support t o  the value 
of 0.72 for  DBE/aromatic carbon which w e  assumed f o r  Athabasca asphaltene. A s t ruc ture  
cons is ten t  with the  H/C r a t i o  and t h e  'H and 13C NMR spec t ra  is as shown i n  Figure 2. 
It has H/C r a t i o  0.72 (0.71 observed),  88% aromatic carbon (87% observed) and 
50% aromatic hydrogen (47% observed). To obta in  a proportion of aromatic hydrogen a s  
low as 47% w i t h  87% aromatic carbon requires t h a t  v i r t u a l l y  a l l  t he  a l ipha t i c  groups 
are methyl groups, to  maximize t h e  subs t i t u t ion  on the  aromatic rings.  

To fu r the r  compare the  var ious  heavy o i l  asphaltenes,  they w e r e  reduced and oc- 
ty la ted  following t h e  procedure ( 5 )  used f o r  Athabasca asphaltene. Reaction of the  
Athabasca asphaltene with potassium i n  tetrahydrofuran i n  the  presence of naphthalene 
gave an impressive decrease i n  the  m.w. of t he  asphaltene which, on the  basis Of some 
other auxi l ia ry  s tud ie s  involving determination of oxygen d i s t r ibu t ion  a d  d e l  reduc- 
t i o n  of su l fur  compounds, could be a t t r i b u t e d  t o  the  cleavage of non-ring su l fu r .  From 
the r e s u l t s  shown i n  T a b l e  N some di f fe rences  become apparent. I n  a l l  cases the  m.w. 
of t h e  product, corrected f o r  o c t y l  grovps added and by-products, is higher than t h a t  
found for Athabasca asphaltene,  although the re  i s  st i l l  a substantial decrease i n  m.w. 
on reduction. The m.w., number of oc ty l  groups added, desu l fur iza t ion ,  and weight in- 
crease a l l  follow t h e  same pa t t e rn ,  with the  order of r eac t iv i ty  being Cold Lake > 
Peace River > Lloydminster. Since t h e  su l fu r  content of these  asphaltenes is similar 
t o  that of Athabasca asphaltene (Table I) ,  it follows that  a grea te r  proportion of the  
sulfur atoms a r e  i n  rings.  The percentage of su l fu r  i n  bridges was estimated from the  
r a t i o  of the.number of bonds cleaved on reduction t o  t h e  number of su l fu r  atoms pre- 
s en t  i n  a molecule. 

The number of bonds cleaved (N) w a s  derived from the experimental molecular 
weights using an equation: N = MW starting/MW reduced - 1, i n  which the  molecular 
weight of the  s i l y l a t e d  asphaltenes was taken as MW s t a r t i ng .  

CONCLUSIONS 

In  the present study it has become c l ea r ly  es tab l i shed  t h a t  asphaltenes from 
A l b e r t a  heavy o i l  depos i t s  have much i n  cormon, including concentration i n  t h e  bitu- 
men, elemental composition, high molecular weight, high su l fu r  content and an oxygen 
d i s t r ibu t ion  such that most of t he  oxygen is i n  hydroxyl groups. Asphaltenes from the 
typical o i l  sands exhib i t  very strong hydrogen bonding proper t ies ,  pa r t ly  in t e rmle -  
a l a r  i n  character,  whereas i n  the  Lloydminster asphaltene,  t he  hydroxyl association 
is much l e s s  pronounced. 

tenes possess a sulfur-polymer framework. The anwunt of su l fu r  i n  bridges, however, 
varies, decreasing i n  the  order Athabasca > Cold Lake > Peace River > Lloydminster, 
which may r e f l e c t  some diagenic d i f fe rences  among the  asphaltene sources. 

The r e s u l t s  from reductive oc ty l a t ion  indicate that  a l l  these  sulfur-rich asphal- 
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TABLE 1 

Elemental Analyses and Molecular 
Weights of Various Asphaltenes 

Asphaltene % of 
source Source 

Athabasca 16 
Cold Lake 15 
Peace River 17 
Lloydminster 9 
Pembina P i tch  3 
Steam Cracking T a r  20 

%, W t . ,  d.a.f. 
C ' H N S O  

80.3 8.0 1.2 8.2 2.5 
80.2 7.8 1.1 8.3 2.5 
79.4 8.0 0.8 9.1 2.6 
81.2 8.0 1.0 8.4 1.5 
86.8 9.2 0.9 1.0 2.0 
91.8 5.4 0.0 0.6 0.4 

Ash H/C 

1.5 1.20 
4.2 1.17 
4.0 1.22 
1.2 1.18 
0.1 1.27 
1.2 0.71 

Mw - 
5920 
8140 
9510 
9300 
3100 
1380 

TABLE 2 

The Effec t  of S i ly l a t ion  on Various Asphaltenes 

Number of atoms or 
Asphaltene nu groups/lOO C atoms % of Oxygen 

source After S i ly l a t ion  Oxygen Trimethyl- S i ly la ted  
s i l y l  

Athabasca 3680 2.3 1.5 64 
Cold Lake 4600 2.4 1.51 63 
Peace River 4430 2.5 1.6 64 
Lloydminster 7150 1.4 1.0 71 
Pembina 3070 1.7 0.42 23 

NMR spectrum is broadened and unresolved, the  number of s i l y l  
groups was determined from changes i n  t h e  H/C r a t i o  and ash content. 
The NMR of s i l y l a t ed  Pembina asphaltene does not show any absorp- 
t i o n  near bo., though there was some change i n  H/C r a t i o  and ash  
content. 
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TABLE I11 

Content of Aromatic Hydrogen and Aromatic Carbon in Various Asphaltenes 

Asphal tene % ArH % Arc 

Athabasca 8 42 
a Cold Lake - 30 

Peace River 9 35 

Lloydminster &de 5 42 

Steam Cracking Tar 47 87 

a Spectrum broadened and unresolved, 
probably due to an unusually high 
content of paramagnetic molecules. 
T h i s  effect was also visible in the 
1 3 ~  spectrum. 

TABLE IV 

1 Reductive Octylation of Alberta Asphaltenes 

% of Sulfur 8 of Sulfur 
Removed Cleaved in Bridges 

Mw No. of Octyl Weight 
Asphaltene Octyl Free Groups Increase 

Added/100C % 

Athabasca 58 0 9.4 120 37 5.3 65 
Cold Lake 1280 7.9 65 52 2.6 22 
Peace River 1590 7.1 53 45 1.8 14 
Lloydminster 2010 6.3 48 32 2.6 13 

Data are the means of two experiments. 
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FIGURE 1 

Infrared spectra of some Alberta asphaltenes - t h e  hydrogen and 
carbonyl strechlng reglons. 
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FIGURE 2 
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